Acidithiobacillus ferrooxidans strain D3-2, which has a high copper bioleaching activity, was isolated from a low-grade sulfide ore dump in Chile. The amounts of Cu 2þ solubilized from 1% chalcopyrite (CuFeS 2 ) concentrate medium (pH 2.5) by A. ferrooxidans strains D3-2, D3-6, and ATCC 23270 and 33020 were 1360, 1080, 650, and 600 mgÁl
Acidithiobacillus ferrooxidans strain D3-2, which has a high copper bioleaching activity, was isolated from a low-grade sulfide ore dump in Chile. The amounts of Cu 2þ solubilized from 1% chalcopyrite (CuFeS 2 ) concentrate medium (pH 2.5) by A. ferrooxidans strains D3-2, D3-6, and ATCC 23270 and 33020 were 1360, 1080, 650, and 600 mgÁl À1 Á30 d À1 . The iron oxidase activities of D3-2, D3-6, and ATCC 23270 were 11.7, 13.2, and 27.9 l O 2 uptakeÁmg protein À1 Ámin À1 . In contrast, the sulfite oxidase activities of strains D3-2, D3-6, and ATCC 23270 were 5.8, 2.9, and 1.0 l O 2 uptakeÁmg protein À1 Ámin À1 . Both of cell growth and Cu-bioleaching activity of strains D3-6 and ATCC 23270, but not, of D3-2, in the chalcopyrite concentrate medium were completely inhibited in the presence of 5 mM sodium bisulfite. The sulfite oxidase of strain D3-2 was much more resistant to sulfite ion than that of strain ATCC 23270. Since sulfite ion is a highly toxic intermediate produced during sulfur oxidation that strongly inhibits iron oxidase activity, these results confirm that strain D3-2, with a unique sulfite resistantsulfite oxidase, was able to solubilize more copper from chalcopyrite than strain ATCC 23270, with a sulfitesensitive sulfite oxidase.
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Attention to the bioleaching of heavy metals such as copper, nickel, cobalt, zinc, and molybdenum has increased in recent years because of its application to low-grade ores. The iron-oxidizing bacterium Acidithiobacillus ferrooxidans is considered one of the most important microorganisms in the bioleaching of sulfide ores. [1] [2] [3] [4] [5] [6] [7] [8] This might be due to its ability to utilize both Fe 2þ and sulfur moieties in sulfide ores for growth. It is known that metal ions are solubilized from metal sulfide directly by A. ferrooxidans cells (a direct bioleaching mechanism) or indirectly by ferric ion produced by A. ferrooxidans cells (an indirect bioleaching mechanism). [1] [2] [3] [4] Recently, a thiosulfate mechanism and a polysulfide mechanism were proposed in the bioleaching of metal sulfides by Sand and Schippers [9] [10] [11] in which metal sulfides are first degraded by chemical attack of Fe 3þ and/or protons. In the thiosulfate mechanism the disulfides pyrite (FeS 2 ), molybdenite (MoS 2 ), and tungstenite (WS 2 ) are degraded via the main intermediate, thiosulfate. The Fe 3þ required for the chemical reaction is supplied by the extrapolysaccharide on the outer surface of A. ferrooxidans cells. The thiosulfate produced consequently degrades to sulfate with elemental sulfur being a side product. In polysulfide mechanism metal sulfides such as galena (PbS), sphalerite (ZnS), and chalcopyrite (CuFeS 2 ) are degraded by Fe 3þ and proton attacks to produce polysulfides and elemental sulfur as the main intermediate. The thiosulfate, polythionate, and elemental sulfur produced by these two mechanisms are oxidized by the biological action of iron-and/or sulfur-oxidizers such as A. ferrooxidans, Acidithiobacillus thiooxidans, and Leptospirillum ferrooxidans. [9] [10] [11] In the bioleaching mechanism proposed, then, both ferric iron and iron oxidase are important in the enhanced bioleaching of sulfide ores. Hence, it appears reasonable to conclude that the A. ferrooxidans strain which has higher iron oxidase activity is preferable for more efficient bioleaching.
There are several reports on enzymes that markedly affect the bioleaching activity of A. ferrooxidans cells. We have found that both iron oxidase and hydrogen sulfide:ferric ion oxidoreductase (SFORase) [12] [13] [14] [15] [16] [17] [18] [19] [20] are crucial in Cu-bioleaching by A. ferrooxidans AP19-3, 21) but when the levels of iron oxidase, SFORase, and Cu-bioleaching activities were compared among 67 strains of iron-oxidizing bacteria isolated from natural environments, no significant differences were observed in growth rates in iron medium or in the levels of cellular iron oxidase activity in the cells. However, a y To whom correspondence should be addressed. Tel/Fax: +81-86-251-8306; E-mail: sugio@cc.okayama-u.ac.jp marked difference was observed in the cellular activity of an enzyme involved in the first step of sulfur oxidation in A. ferrooxidans, viz., SFORase. 12, 13) A. ferrooxidans strains that showed high SFORase activity also showed high Cu-bioleaching activity. In contrast, strains that showed low SFORase activity showed low Cu-bioleaching activity. 22) These results suggest that if the iron oxidase activity in A. ferrooxidans strains is nearly the same, the level of SFORase activity in the cells influences the cells' Cu-bioleaching activity more profoundly.
A. ferrooxidans strain D3-2, which has approximately 3-fold higher Cu-bioleaching activity than A. ferrooxidans ATCC 23270 cells, was newly isolated from a low-grade sulfide ore dump at a copper mine in Chile, and the enzyme activities involved in iron-and sulfuroxidation were compared among those strains. Although strain D3-2 had high Cu-bioleaching activity, the iron oxidase activity was rather lower than that of strain ATCC 23270, which had low Cu-bioleaching activity. In this study, we found for the first time that A. ferrooxidans strain D3-2 has a unique sulfite oxidase resistant to a high concentration of sulfite ion that shows maximum activity at 8 mM of sodium bisulfate, while A. ferrooxidans ATCC 23270 has a sulfite oxidase sensitive to sulfite ion that is completely inhibited by 1 mM of sodium bisulfite. Since it is known that sulfite ion is a toxic intermediate during sulfur oxidation in A. ferrooxidans cells and, that it strongly inhibits iron oxidase activity, [12] [13] [14] [15] 18, 19, [23] [24] [25] [26] [27] A. ferrooxidans strains that have a sulfite resistant-sulfite oxidase are supposedly able to grow and solubilize more copper from chalcopyrite (CuFeS 2 ) than strain ATCC 23270, which has a sulfite-sensitive sulfite oxidase, because in the bioleaching process, A. ferrooxidans cells must coexist for a long time, more than a month, with toxic sulfite ions produced by the oxidation of CuFeS 2 . In this study, we also found for the first time that strain D3-2, but not strain ATCC 23270, grew and solubilized Cu 2þ in 1% chalcopyrite-concentrate medium supplemented with 5 mM of sodium bisulfite. These results confirm that strain D3-2 is more resistant to sulfite ion than is strain ATCC 23270.
Materials and Methods
Microorganisms, media, and conditions of cultivation. The iron-oxidizing bacteria used throughout this study were Acidithiobacillus ferrooxidans ATCC 23270 and 33020. A. ferrooxidans strains D3-2 and D3-6 were isolated from a low-grade sulfide ore dump in a copper mine in Chile. The iron medium (pH 2.5) used in the cultivation of A. ferrooxidans strains contained FeSO 4 . (0.001%). The chalcopyrite (CuFeS 2 ) concentrate and the sulfur medium used in the study (pH 2.5) were composed of canderalia concentrate (1%) and elemental sulfur (1%) respectively and the following salts:
(0.05%), KCl (0.01%), and Ca(NO 3 ) 2 (0.001%). Each of the A. ferrooxidans strains was cultured in 20 ml of iron, sulfur, or chalcopyrite concentrate medium (pH 2.5) in 50-ml Erlenmeyer flasks with shaking at 30 C. The washed intact cells of A. ferrooxidans D3-2, D3-6, ATCC 23270, and ATCC 33020 were prepared as follows: Each strain of A. ferrooxidans was grown in 20 liters of iron medium (pH 2.5) under aeration for 1 week. After cultivation, the culture medium was filtered with Toyo filter paper (no. 5B) to remove the particles of ferric hydroxide, solid elemental sulfur, or solid chalcopyrite, and then centrifuged at 12;000 Â g for 15 min to obtain intact cells. The harvested intact cells were washed 3-times with 0.1 M -alanine-SO 4 2À buffer (pH 3.0), and suspended in the same buffer.
The activities of iron oxidase, chalcopyrite concentrate oxidase, sulfur oxidase, and sulfite oxidase. These enzyme activities were measured by the amount of oxygen uptake due to Fe 2þ , chalcopyrite concentrate, sulfur, or sulfite oxidation with a Biological Oxygen Monitor (Yellow Spring Instrument, Cleveland, OH). The composition of the reaction mixture to measure iron oxidase activity (3.0 ml) was composed of 0.1 Malanine-SO 4 2À buffer, pH 3.0 (2.5 ml), washed intact cells, (0.1 mg protein), and ferrous sulfate (100 mmol), chalcopyrite concentrate (10 mg), elemental sulfur (100 mmol) or sodium bisulfate (2.4 mmol). The reaction was carried out by shaking the reaction mixture at 30 C.
Determination of cupric ion solubilized from a chalcopyrite concentrate medium. The concentration of cupric ions (Cu 2þ ) in a chalcopyrite concentrate medium was measured with atomic absorption spectrophotometer AA 6800 (Shimadzu, Kyoto, Japan). The culture medium was filtered with Toyo filter paper (no. 5B) to remove ore particles, and then the filtrate obtained was diluted 100 times with 1 N HCl. The amount of copper in the filtrate was measured with an atomic absorption spectrophotometer using an air-acetylene flame.
Protein measurement. The protein concentration was measured by the Lowry's method 28) with crystalline bovine serum albumin as the reference protein.
Results and Discussion
Isolation of iron-oxidizing bacterium active in copper-bioleaching Enrichment culture to obtain iron-oxidizing bacteria active in Cu-bioleaching from the low-grade sulfide ore dumps was carried out in 20 ml of 3% ferrous sulfate medium (pH 2.5) as the first screening. From the enrichment cultures with ferrous iron medium, 67 strains of iron-oxidizing bacteria were isolated using a 1% gellan gum plate containing 2% ferrous sulfate (pH 2.5). To obtain the A. ferrooxidans strain active in Cu-bioleaching, Cu-bioleaching activity was measured as the second screening for each of these 67 isolates, together with A. ferrooxidans strains ATCC 23270 and 33020 as control strains, in 1% chalcopyrite concentrate medium (pH 2.5). Among the strains tested, strain D3-2 solubilized Cu 2þ approximately 3-fold more than strain ATCC 23270 and 3.6-fold more than strain ATCC 33020 (Fig. 1) . Strain D3-2 was the most active in Cu-bioleaching among the A. ferrooxidans strains tested. We selected strains D3-2 and D3-6 as representative strains to study further the mechanism of Cu-bioleaching. The 16S rDNAs of strains D3-2 and D3-6 were composed of 1,496 and 1,495 bases and had 99.7 and 100% identity respectively with those of A. ferrooxidans ATCC 23270 and A. ferrooxidans strain D2.
Growth of A. ferrooxidans strains in a 1% chalcopyrite concentrate medium and in a 1% sulfur medium A. ferrooxidans strains D3-2, D3-6, ATCC 23270, and ATCC 33020 showed nearly the same growth rate and cell yield in 3% ferrous sulfate medium (pH 2.5) (data not shown). The chalcopyrite concentrate used in this study contained Cu (27.1%), Fe (27.9%), and S (31.8%). Since the sulfur moiety as well as the iron moiety in the chalcopyrite concentrate are used by A. ferrooxidans cells as an energy source, growth curves of A. ferrooxidans strains in 1% chalcopyrite concentrate medium (pH 2.5) (Fig. 2) and in 1% sulfur medium (pH 2.5) (Fig. 3) were obtained by measuring cell turbidity at absorbance at 660 nm after filtering a solid chalcopyrite and a solid elemental sulfur with Toyo filter paper (no. 5B). Strain D3-2 grew well and gave a higher cell yield in chalcopyrite concentrate medium than strain D3-6, ATCC 23270, or ATCC 33020 (Fig. 2) . When grown in 1% elemental sulfur medium, strain D3-2 also gave a higher growth yield than strain D3-6, ATCC 23270, or ATCC 33020 (Fig. 3) . These results strongly suggest that the enzymatic activity involved in the sulfur oxidation of A. ferrooxidans D3-2 is higher than those of strains D3-6, ATCC 23270, or ATCC 33020. A. ferrooxidans strains D3-2, D3-6, ATCC 23270, and ATCC 33020 were cultured in a 1% chalcopyrite medium (pH 2.5) for 7 (white bar), 14 (gray bar), and 30 d (black bar) at 30 C. The culture medium was filtered with a filter paper to remove ore particles. A. ferrooxidans strains D3-2, D3-6, ATCC 23270, and ATCC 33020 were cultured in 1% chalcopyrite medium (pH 2.5), as shown in Fig. 1, for 14 (white bar) and 30 d (black bar) at 30 C. Cell growth was measured by the increase in absorbance at 660 nm after the culture medium was filtered with a filter paper to remove ore particles.
D3-2 D3-6 ATCC 23270 ATCC 33020
Cell growth (A 660 nm ) Fig. 3 . Growth of A. ferrooxidans Strains D3-2, D3-6, ATCC 33020, and ATCC 23270 Cells in a Sulfur Medium.
A. ferrooxidans strains D3-2, D3-6, ATCC 33020, and ATCC 23270 were cultured in 1% elemental sulfur medium (pH 2.5) for 6 (white bar), 10 (gray bar) and 17 d (black bar) at 30 C. Cell growth was measured by the increase in absorbance at 660 nm after the culture medium was filtered with a filter paper to remove sulfur particles.
Iron oxidase, sulfur oxidase, and sulfite oxidase activities of A. ferrooxidans strains Ferric iron is a potent oxidant that plays an important role in bioleaching as an indirect bioleaching mechanism. [1] [2] [3] [4] Since iron oxidase can produce ferric ion as a reaction product, it is expected that the A. ferooxidans strains that have high iron oxidase activity have high bioleaching activity. A. ferrooxidans strains D3-2, D3-6, and ATCC 23270 cells were grown in 3% ferrous sulfate medium (pH 2.5) for 1 week, collected by centrifugation, and washed 3 times with 0.1 M -alanine-SO 4 2À buffer (pH 3.0). Iron oxidase activities measured with the washed intact cells of D3-2, D3-6, and ATCC23270 were 11.7, 13.2, and 27.9 ml O 2 uptakeÁmg protein À1 Ámin À1 (Fig. 4A ). Strain ATCC 23270, which had low Cu-bioleaching activity ( Fig. 1) , had the highest iron oxidase activity among the strains tested. These results suggest that a specific activity of iron oxidase in A. ferrooxidans cells is not necessarily the most important factor which determining the level of cells' Cu-bioleaching activity.
Since the chalcopyrite concentrate used in this study was composed of a high concentration of sulfur (31.8%) as well as iron (27.9%), enzyme activities involved in sulfur oxidation, such as sulfur oxidase and sulfite oxidase, were measured. The elemental sulfur oxidase activities of D3-2, D3-6, and ATCC23270 were 0.82, 0.46, and 0.32 ml O 2 uptakeÁmg protein À1 Ámin À1 . (Fig. 4B) . The sulfite ion is produced as an intermediate when A. ferrooxidans oxidizes elemental sulfur. The ion is highly toxic in A. ferrooxidans cells, and strongly inhibits cell growth by inhibiting components of the iron oxidase enzyme system, such as cytochrome c oxidase. [23] [24] [25] [26] [27] [29] [30] [31] The sulfite oxidase activities of strains D3-2, D3-6, and ATCC 23270 were 5.8, 2.9, and 1.0, ml O 2 uptakeÁmg protein À1 Ámin À1 (Fig. 4C) . The levels of sulfur and sulfite oxidase activities corresponded well with those of Cu-bioleaching activities in the cells.
Effects of sulfite ions on the growth and Cusolubilization activity of A. ferrooxidans strains in chalcopyrite concentrate medium
The effects of sulfite ions on the growth and Cusolubilization activity of A. ferrooxidans strains D3-2 and ATCC 23270 were studied using 1% chalcopyrite concentrate medium (pH 2.5). Sulfite ions completely inhibited both the growth and the Cu-solubilization activity of ATCC 23270 cells at 5 mM (Fig. 5) . In contrast, the growth and Cu-solubilization activity of strain D3-2 in the chalcopyrite concentrate medium with 5 mM of sulfite ions were inhibited by approximately 34% and 52% of that of the medium without sulfite ions (Fig. 5) . These results suggest that strain D3-2 cells are more resistant to sulfite ions than are strain ATCC 23270 cells.
Effects of sulfite ion concentration on sulfite oxidase activity
To determine on the resistance of strain D3-2 to sulfite ions more precisely, the effects of sulfite ion concentration on sulfite oxidase activity was measured with washed intact cells of strains D3-2 and ATCC 23270. The maximum sulfite oxidase activity was observed in strain ATCC 23270 when 0.2 mM of sulfite ions was used as a substrate (Fig. 6 ), but the activity of ATCC 23270 was completely inhibited by 1 mM of sulfite ions. Surprisingly, the highest level of sulfite oxidase activity was observed in strain D3-2 when the cells were incubated in the reaction mixture with 8 mM of sulfite, suggesting that the sulfite oxidase of strain D3-2 is more resistant to sulfite ions than is that of ATCC 23270.
Acidithiobacillus ferrooxidans strain D3-2, which has high copper bioleaching activity, was isolated from a the Amounts of Cu 2þ Solubilized from the Chalcopyrite. A. ferrooxidans strains D3-2 and ATCC 23270 cells were grown in a chalcopyrite concentrate medium (pH 2.5) with or without 5 mM of sodium bisulfite. Cell growth was measured by the increase in absorbance at 660 nm after the culture medium was filtered with a filter paper to remove ore particles. Symbols: , growth of strain D3-2 in a chalcopyrite concentrate medium without sodium bisulfite; , growth of strain D3-2 in a chalcopyrite concentrate medium with 5 mM of sodium bisulfite; , growth of strain ATCC 23270 in a chalcopyrite concentrate medium without sodium bisulfite; , growth of strain ATCC 23270 in a chalcopyrite concentrate medium with 5 mM of sodium bisulfite. The amounts of Cu 2þ solubilized from the chalcopyrite were also measured after 30 d of cultivation (inserted figure) . Symbols: A, Cu 2þ solubilized by strain D3-2 from the ore medium without sodium bisulfite; B, Cu 2þ solubilized by strain D3-2 from the ore medium with 5 mM of sodium bisulfite; C, Cu 2þ solubilized by strain ATCC 23270 from the ore medium without sodium bisulfite; D, Cu 2þ solubilized by strain ATCC 23270 from the ore medium with 5 mM of sodium bisulfite; E, Cu 2þ solubilized from the ore medium without A. ferrooxidans. iron (Fe 3þ ) plays a crucial role in the oxidation of sulfide ores and the solubilization of metal ions from sulfide ores, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and hence it has been believed up to now that A. ferrooxidans cells that have high iron oxidase activity have high Cu-bioleaching activity, but the iron oxidase activity of strain D3-2 was unexpectedly low among the A. ferrooxidans strains tested. During an attempt to find a clue as to on these unexpected results, we found that strain D3-2 has a unique sulfite oxidase differing greatly from A. ferrooxidans strain ATCC 23270, in that the sulfite oxidase of strain D3-2 was more highly resistant to sulfite ions than that of ATCC 23270. Since it has been found that the sulfite ion is a highly toxic intermediate produced during sulfur oxidation by A. ferrooxidans cells, [23] [24] [25] [26] [27] and that it strongly inhibits the growth of A. ferrooxidans cells by inhibiting one of the most important components of iron oxidase and aa 3 -type cytochrome c oxidase, 25, 26, [29] [30] [31] strain D3-2, with sulfite resistant-sulfite oxidase, appears to be more advantageous for Cu-bioleaching than strain ATCC 23270, with a sulfite-sensitive sulfite oxidase, because chalcopyrite (CuFeS 2 ) contains much sulfur in the ore and the bioleaching process for chalcopyrite requires a long time, more than a month. Hence, during the process, A. ferrooxidans cells are continuously placed in a sulfite-rich environment. In this report, we stress for the first time that attention must be paid not only to iron oxidase but also to sulfite oxidase when an attempt is made to breed A. ferrooxidans cells active in Cubioleaching. To develop this new proposal on A. ferrooxidans strain active in Cu-bioleaching, purification and characterization of a sulfite-resistant sulfite oxidase of strain D3-2 is now underway.
